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Abstract: Gravel-dominated Neogene — Early Pleistocene braided river deposits of the Witow Series occur in
the Carpathian Foredeep, about 20 km north of the front of the Polish Outer Carpathians, between the Szreniawa
and Vistula rivers. For the first time, these deposits were subjected to numerical analyses, based on the mor-
phometry and mass of almost 1,500 pebbles sampled at 10 cm intervals along the 4.4-m-high section in the
Witéw Quarry. In contrast to the traditional approach to pebble morphometry, multivariate statistics was utilised.
This enables the examination of various aspects of the dataset holistically and simultaneously. A multivariate meth-
od, called principal component analysis (PCA), is widely used in the life sciences, but the employment of PCA
for pebble morphometry has not yet been described. Here, PCA was applied to reveal the interrelations between
pebble size, mass, lithological composition and stratigraphic height. Most notably, some differences in the distri-
bution of morphometric features between different pebble lithotypes are displayed. Even though the morphometric
features and petrological composition of pebbles remain similar in the section as a whole, overall upward-de-
creasing trends of stream-bed velocity proxies were recognized with the aid of PCA results and were validated,
using standard bivariate correlation methods. This approach to the multivariate analysis of large quantitative and
qualitative datasets should be considered as a possible part of the integrated sedimentological research of coarse-
grained deposits. The consistency between results among the multiple indicators studied reduces the uncertainty
of the sedimentological interpretations, presented in this work.
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INTRODUCTION

Among the Cenozoic deposits of southern Poland,
the gravel-dominated fluvial sedimentary succession of
the so-called Witow Series represents one of the most com-
prehensively studied cases. Existing research encompasses
the stratigraphy and general sedimentological characteristics
of deposits, exposed in the Witow section. Nonetheless, this
succession has not yet been subjected to a well-established
approach of grain dimension ratio-based pebble morpho-
metric analysis yet. For more than 60 years, such analyses
were aimed mainly at comparing different sites laterally and
only rarely were conducted to examine vertical variation in
a single sedimentary succession. Still, such a traditional ap-
proach to pebble morphometry has long served as a valuable
tool for inferring on weathering, transport, provenance, and

depositional processes (e.g., Sneed and Folk, 1958; Glover,
1975; Russell, 1980; Barudzija et al., 2020; Gale, 2021).
Ordination analysis is a subset of multivariate statistical
analysis methods, aimed at data exploration in search of
relationships between variables. It also serves as a tool to
summarise the main characteristics of the dataset, visualize
possible clusters and generate indexes (Bialik et al., 2021).
In contrast to inferential statistics, ordination techniques
do not allow the verification of preexisting hypotheses but
can lead to the formulation of new hypotheses. Ordination
analysis, most notably principal component analysis (PCA),
is the cornerstone of modern morphometric studies within
the scope of life sciences and palacontology (Hammer and
Harper, 2006). Nonetheless, the popularity of that approach
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is not reflected in morphometric studies of coarse-grained
sedimentary rocks, perhaps owing to the considerable
amount of work, needed to collect a sufficiently large set
of multivariate data and the lack of well-established know-
how among investigators, concerning ordination methods
(Bialik et al., 2021).

Within the geosciences, ordination methods are increas-
ingly frequently applied in the exploration of palaeontolog-
ical and geochemical data, but still to a significantly lesser
extent in sedimentological investigations. Among previous
implementations of PCA in research concerning grain size,
cases based on Folk and Ward (1957) granulometric statis-
tics predominate (e.g., Babej et al., 2016; Oyedotun, 2022).
However, even though PCA is well-suited to the analysis
of pebble morphometric datasets, this research area has re-
mained unexplored (see a summary of PCA applications in
geosciences in Bialik ef al., 2021). The use of the analytical
tools mentioned can be a step towards a more quantitative
approach in geological studies. This improvement in data
quality allows the more precise comparison of rock records,
independently of study area or age of the deposits. In con-
trast to univariate or bivariate statistics, ordination analy-
sis would allow the simultaneous investigation of both the
quantitative (dimensions and mass) and qualitative (litho-
logical composition) properties of clasts, together with their
changes in the stratigraphic domain. The advantage of PCA
is that it is able to analyse the entire multidimensional data-
set at once, instead of merely looking at pairwise relations,
as in the bivariate approach. Here, the present authors ap-
ply PCA to explore the multivariate morphometric dataset,
sampled from the deposits of the Witéw Series, which con-
sists of grain dimensions, complemented by grain mass and

Fig. 1.
marked by a red arrow.
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lithological composition. The aim of the present study is:
1. to demonstrate the interdependence between lithological
composition, dimensions and mass of pebbles; 2. to show
vertical changes, collectively recorded as all aforemen-
tioned parameters; and 3. to present the utility of PCA in
the morphometric analysis of gravels as a part of quantita-
tive sedimentological studies, with reference to the example
of the classic, well-studied Witow section.

GEOLOGICAL SETTING

Deposits of the Witow Series, originally distinguished
by Lyczewska (1948), occur as an elongated sedimentary
body, oriented W-E in the area between Nowe Brzesko and
Witow, in the interfluve of the Szreniawa and Vistula riv-
ers (Fig. 1). These deposits are located in the Carpathian
Foredeep, about 20 km north of the front of Polish Outer
Carpathians. The Witow Series was deposited on the Middle
Miocene Krakowiec Clay (Lindner and Nowakowski, 1996;
Rauch-Wtodarska et al., 2006). The lower part of the Witow
Series consists of fine-grained clay-rich deposits that grad-
ually coarsen upwards to fine-grained sandstone. The upper
part consists of sandy-gravelly deposits, rarely interbedded
with silty mudstone. The entire sedimentary succession
reaches a thickness up to 40 m and is characterised by high
lateral variability of facies, due to the presence of discontin-
uous lenticular bodies of various lithologies, as well as syn-
and post-depositional faults and joints (Rauch-Wtodarska
et al., 2006). The top of the profile is covered by Pleistocene
tills and fluvioglacial gravels, with a loess cover (e.g.,
Rutkowski, 1987a, b; Lindner and Siennicka, 1994).

Study area with an overlay of a hillshade digital terrain model (https://baza.pgi.gov.pl/cbdg/geoportal). The outcrop studied is
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The age and depositional environment of the Witéw
Series have been the subject of numerous studies over
the past 75 years, leading to different interpretations.
Originally, it was considered to be marine littoral deposits
of the Carpathian Foredeep, micropalaeontologically dat-
ed as Upper Tortonian (Lyczewska, 1948). Subsequently,
these deposits were identified as fluvial deposits of the
Early Pleistocene (Riihle, 1957), which were later reinter-
preted as fluvioglacial deposits, formed during the intersta-
dial of the Nidanian Glaciation. This reinterpretation was
based on the rare occurrence of northern-sourced pebbles
and the recognition of Miocene foraminifera as redeposited
material (Gradzinski and Unrug, 1959). In further studies,
it was shown that the resistant heavy mineral assemblag-
es differed from those in the deposits with erratic boulders
(Kucia-Lubelska, 1966), and the presumed erratic material
represented redeposited exotic components from the Polish
Outer Carpathians (Dzulynski et al., 1968). The interpreta-
tion of the Witéw Series as fluvial deposits was maintained,
but its age was once again changed to being no younger than
the Early Pleistocene (Kucia-Lubelska, 1966), also sup-
ported by palynological evidence (Dzulynski et al., 1968).
On the other hand, Tyczynska (1978) interpreted the Witéw
Series as Miocene marine fan-delta deposits, partially repre-
senting a subaerial delta plain. In the 1980s and 1990s, there
was a prevailing view of the fluvial nature of the Witow
Series, but two competing concepts regarding their age
emerged. The first concept supported an Early Pleistocene
age, based in part on paleomagnetic studies (Rutkowski,

Fig. 2.
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1987a, b, 1995, 1998; Nawrocki and Wojcik, 1990; Radzki
et al., 1992). The second concept suggested a return to the
age of the interstadial of the Nidanian Glaciation, sup-
ported by thermoluminescence dating (Lindner, 1988;
Lindner and Siennicka, 1994; Lindner and Siennicka-
Chmielewska, 1995, 1998; Lindner and Nowakowski,
1996). Subsequent palynological and palaeobotanical
studies (Brud and Worobiec, 2003) and tectonic analysis
(Rauch-Wtodarska et al., 2006) indicated sedimentation in
braided rivers as part of the freshwater Carpathian molasse
during the late Miocene to Pliocene. The authors agree
with the interpretation of the Witoéw Series as a record of
deposition in a river floodplain environment. However,
new data do not allow for a definitive determination of its
age. Therefore, for the purposes of this study, the present
authors lean towards interpreting the age of the Witdéw
Series as late Miocene to Pliocene, in accordance with the
largest amount of published data (see Brud and Worobiec,
2003; Rauch-Wtodarska et al., 2006).

The study was carried out in a former gravel pit, locat-
ed in the easternmost part of the Witdw Series on the left
bank of the Vistula River bend, south of Witéw village.
The study site is a classic outcrop of the Witow Series,
which has been studied previously by number of geosci-
entists (see Rauch-Wtodarska et al., 2006), and references
therein). The studied deposits are poorly lithified conglom-
erates and pebbly sandstones with ferruginous-clay-sandy,
rarely calcareous cement (Fig. 2). The sources for the
gravel are various deposits of the Polish Outer Flysch

A Witow Quarry. A. Sampled section. B. Simplified lithostratigraphic log of the entire Witdw Series after Brud and Worobiec

(2003). C. Sedimentary log of the sedimentary succession studied; episodes of well-documented more energetic flow (red solid arrows),
and less evident more energetic flow episodes (red dotted arrows), according to PCA results.
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Carpathians (Gradzinski and Unrug, 1959; Dzutynski et
al., 1968). Sandy intercalations consist mostly of coarse-
grained to fine-grained, mostly cross-laminated beds
(Gradzinski, 1957).

MATERIAL AND METHODS

Sample collection and grain measurements

A 4.4-m-thick and ca. 0.5-1-m-wide section in the up-
per part of the Witow Series was examined (Fig. 2).
The investigated succession was subdivided into contiguous
10-cm-thick interval, 44 in total. The 10 cm thickness of an
interval was a compromise between grain size, the desired
resolution of results, and labour-intensity. For simplicity,
each interval was assigned a single number, starting with
the signature 0.0, which denotes a 10-cm interval, starting
at a particular height, relative to the bottom of the measured
section. Each interval was examined in terms of its grain
size and lithological composition. Sampling was carried out
for each interval, taking into account lithological diversity.
Only grains with b dimension size, equal to or greater than
8 mm (medium pebbles and larger, according to Wentworth’s
1922 nomenclature), were chosen for further investigation.
Thus, 1548 gravel grains per interval and 1,432 gravel
grains in total were measured and weighed. Three linear axes
of the particles were obtained using a metric vernier caliper:
length a, width b, and thickness ¢, where a is the longest di-
mension, b is the longest dimension perpendicular to @, and ¢
is the longest dimension, perpendicular to both a and b.

Petrological composition

The lithotype (quartz, granite, lydite, sandstone) of each
clast was identified. On account of the dominance of quartz
arenites, sandstone pebbles were subdivided according to
their textural properties, i.e., very fine-grained sandstone
(vf), fine-grained (f), medium-grained (m), coarse-grained
(c), and very coarse-grained (vc). Basic quantitative statis-
tical analysis of petrological composition was performed
for the entire sampled population (1,432 grains), as well as
for each individual sampling horizon (44 subpopulations).
The distribution of pebbles mass was studied using box-
plots split by lithotype classes. Moreover, a statistically in-
significant admixture of Jurassic limestones and crystalline
rocks occur (e.g., Gradzinski and Unrug, 1959; Lindner and
Nowakowski, 1996).

Grain shape

The dimension measurements were plotted on the Zingg
(1935) and Sneed and Folk (1958) diagrams obtained, us-
ing custom code in Python with matplotlib (Hunter, 2007)
and seaborn (Waskom, 2021) libraries. Additionally, the
same types of diagram were applied to each main lithotype
separately in order to study the differences and similarities
between classes (see Fig. Al for details). Separate Sneed
and Folk (1958) diagrams were also created for 5 larger in-
tervals (0—1 m, 1-2 m, 2-3 m, 4—-4.4 m) of the sampled log,
with each 10 cm interval plotted (see Appendix Fig. A2).
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Principal Component Analysis (PCA)

Measured a, b and c¢ clast dimensions, clast mass (wt),
lithotype (lithological composition; Itype) and correspond-
ing sedimentary succession interval above the reference
level (stratigraphic height; hgt), together represent the
multivariate dataset within the scope of the present study.
Comprehension of the relationship between multivariate
populations and the interpretation of the processes con-
trolling their distribution can be facilitated by dimension-
ality reduction of such data. Principal component analysis
(PCA) reduces dimensionality with a minimal loss of origi-
nal variance (e.g., Swan and Sandilands, 1995; Hammer and
Harper, 2006), allowing the projection of multidimensional
data into two-dimensional space. The normal distribution of
all of the data populations studied was rejected, using the
Shapiro-Wilk test. Even though the performance of PCA is
optimal in the case of symmetrically-distributed, preferably
normally-distributed variables, it can also be successfully
implemented to not-normally-distributed data (Bialik et al.,
2021). Most importantly, all analysed variables (a, b, ¢ di-
mensions and mass) consist of non-compositional data,
therefore being suitable for PCA without pre-processing,
other than the removal of outliers and normalisation.

While outliers are an intrinsic part of natural datasets, they
influence the estimation of principal components (Maronna
et al., 2006), obscuring the large-scale tendencies, which
were sought in the present study. Therefore, 58 outliers (4%
of the dataset) in total, within a, b and ¢ clast dimension
variables, were detected using the generalised Extreme
Studentized Deviate test (Rosner, 1983) and removed prior
to PCA. Thus, correlation matrix-based PCA was carried out
for 1,374 four dimensional vectors in PAST 4.14 software
(Hammer et al., 2001). Data normalisation, being an inher-
ent part of such a routine, rendered the original variables
dimensionless, which allowed direct comparison of the var-
iables measured in different units. Lithotype was adopted
as a grouping variable and interval variable of stratigraphic
height (hgt) served as a supplementary variable, which was
plotted directly in the principal component (PC) reference
frame, instead of being included in ordination. Envelopes
of data point clouds for each of the lithotypes are represent-
ed by convex hulls, with abbreviated lithotype names, pro-
jected in the centroid of a particular convex hull polygon.
A scatter plot of data point clouds, grouped by lithotype,
is provided in Figure A3. In a standard PCA approach,
the relative significance of PCs is represented with their
normalised eigenvectors. Therefore, it might reflect the im-
portance of individual features.

Detailed analysis of selected features

Mass and b dimension size were chosen as the most rep-
resentative features, which potentially can give an insight
into the vertical variability of flow conditions in the studied
log. Moreover, a more detailed study of their interrelations
with stratigraphic height was motivated by the PCA results.
In order to perform such an analysis, mass and b dimension
size were plotted against stratigraphic height, the best-fit
line was determined, and correlation coefficients (Pearson-r,
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Spearman-rho and Kendall-tau) were calculated. For better
visualisation of feature distribution in relation to vertical
position, series of boxplots were utilised. Also, b dimension
size was studied in greater detail as a traditional average
grain size proxy (Blott and Pye, 2008). The arithmetic mean
and standard deviation of b dimension size were calculated
for the whole sample, as well as for each interval, separately.

RESULTS

Petrological composition

The dominant lithotype in the samples collected is fine-
grained sandstone (Tab. 1). Together with the two next most
common classes (medium-grained sandstone and quartz), they
constitute more than 93% of pebbles in the entire population.
Other lithotypes (very coarse-, coarse-, and very fine-grained
sandstone, lydite, granite) are poorly represented in the sample.

The distribution of lithotypes in each interval is rough-
ly uniform along the entire log, even though the subsample
(one horizon) size varies from 15 to 48 elements (Fig. 3).
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Table 1
Lithotypes of the sampled pebbles
Percentage
Lithotype ol;lu:ll)t:;:s in the sample

P (%)
Very coarse-grained 3 021
sandstone (vc)
Coarse-grained
sandstone (c) > 3.56
Medium-grained 359 2507
sandstone (m)
Fine-grained sandstone (f) 763 53.28
Very fine-grained
sandstone (vf) 24 1.68
Quartz (q) 216 15.08
Lydite (1) 15 1.05
Granite (g) 1 0.07
Total 1432 100.00

Fig. 3. Percentages of lithotypes and number of sampled grains in each horizon.
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Fine- and medium-grained sandstone pebbles predominate
in each individual horizon. Quartz grains occur almost in
the entire log (except at log 0.2 m horizon). The distribution
of coarse-grained sandstones displays four clusters around
the intervals 0.1-0.8, 1.2-1.6, 2.0-2.6 and 2.9-3.4 m above
the base of the log. Most of the very fine-grained sandstone
pebbles are clustered in the log interval 1.7-2.5 m. The oc-
currences of lydite are concentrated in intervals 0.7-1.0 and
3.2-4.0. The rest of the very fine-grained sandstones, the
rest of the lydites, as well as other lithotypes (granites and
very-coarse sandstones), are scattered throughout the log,
without any specific pattern.

The median masses of very fine-, fine-, medium-grained
sandstone, quartz and lydite pebbles are comparable (Fig. 4).
Coarse- and very-coarse grained sandstone pebbles have
much higher median masses than the rest of the lithotypes.
Regarding mass dispersion, quartz has a smaller interquar-
tile range than other classes (except granite).

Fig. 4. Boxplot (median with quartiles) of mass distribution in
recognised lithologies.

Fig. S.
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Shape of the measured pebbles

The measurements clearly cluster around the centre of the
Sneed and Folk (1958) diagram and its near vicinity, clearly
becoming more dispersed towards the boundary shapes at
the corners of the diagram (Fig. 5). Over 80% of the to-
tal measured pebbles are bladed (27.85%), compact-blad-
ed (14.14%), elongate (11.97%), platy (10.51%), compact
elongate (9.28%), and very bladed (8.12%).

The measurements were plotted onto the Sneed and Folk
(1958) diagram also separately for each lithotype (Fig. 6).
Some variance in dominant grain shapes is visible between
the lithotypes. For quartz pebbles, the compact-bladed
shape is dominant, whereas the bladed shape, which is dom-
inant in sandstones, is poorly represented. It is also the case
for Zingg diagrams, where quartz pebbles are significantly
more spherical than other lithologies (Fig. Al). Generally,
quartz pebbles are more compact and more spherical, com-
pared to sandstones. Very fine-grained sandstones are more
elongated than the rest of the lithologies.

Allofthe Sintervals, plotted onthe Sneedand Folk (1958) di-
agrams (0.0-0.9,1.0-1.9,2.0-2.9,3.0-3.9,4.0-4.4 m; Fig. A2),
show a similar distribution of grain shape, which corre-
sponds to the distribution for the whole sample (Fig. 5).

PCA

88% of the total variance is explained by the first princi-
pal component (PC) and almost 10% by PCs 2 and 3 togeth-
er (Tab. Al). In contrast to stratigraphic height, all textural
variables (three dimensions and mass) have positive load-
ings on PCl (see Tab. A2). Inferring from the acute angles
between the eigenvectors, all three clast dimensions are pos-
itively interrelated with mass, which by visual inspection
of the angles displays a strongly positive interrelation with
PC1 (Fig. 7) and a negative one with PC3 (Fig. 8). On the
basis of the PCl to PC2 plot in turn, stratigraphic height
is negatively interrelated with both clast mass and PCl,

Results of the grain size morphometry. A. Long, intermediate and short orthogonal axes of each measured grain plotted on par-

ticle shape diagram after Sneed and Folk (1958). B. Three axes of each measured grain plotted on the Zingg (1935) diagram.
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Fig. 6. Long, intermediate and short orthogonal axes of each measured grains plotted on particle shape
diagram after Sneed and Folk (1958) for different lithotypes separately (m — medium-grained-sandstone, f—
fine-grained sandstone, q — quartz, vf — very fine-grained sandstone, ¢ — coarse-grained sandstone, 1 — lydite).

Fig.7. Biplot of PC1 and PC2 with lithotypes convex hulls and centroids.

Fig. 8. Biplot of PC2 and PC3 with lithotypes convex hulls and centroids.
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because their eigenvectors and PCl unit vector are nearly
antiparallel. Clast dimensions a and b, while mutually relat-
ed, are nearly orthogonal to dimension c. Clast dimensions
a and c display some relationship to PC2. Even though in
the scattergram there is no clear separation between the
point clouds representing particular lithotypes, the cen-
troids of respective convex hull polygons display a linear
array along PCI. Ordering, according to the texture of clasts
(from very coarse-, through coarse-, medium-, very fine-
and fine-grained sandstone, to lydite and microcrystalline
quartz, left to right), is clearly visible.

Vertical trends

Mass distribution in the sample displays a very slight
negative correlation with stratigraphic height (Pearson-r =
-0.04, see Fig. A4). In general, the median mass is more or
less similar in each sampled horizon except a few of them,
where it is greater (Fig. 9). The value of 7.15 g (70th cen-
tile) was arbitrarily chosen as a boundary value for median

Fig. 9. Mass distribution boxplots (median with quartiles, with-
out outliers) in relation to the stratigraphic height.
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mass in the intervals studied. Such a value enables objective
differentiation of the intervals with heavier grains. Pebbles
from intervals 0.1-0.4, 3.4-3.5 and 4.3 are clearly of great-
er mass. There are also intervals, such as 0.8-0.9, 1.2, 2.4,
3.7, and 4.1, which have a minor increase in median mass,
compared to others. The Pearson-r coefficient equal to -0.11
shows that b dimension has a weak negative correlation
with stratigraphic height (see Fig. A5 for details). Median
of b dimension size is moderately varied along the profile
(Fig. 10). Most of the individual medians are in the 10—
20 mm range. There are only 3 groups of intervals, where
the median b dimension size exceeds 20 mm: 0.1-0.4, 3.4—
3.5, 4.3. There are also additional, less prominent peaks
with higher median b dimension sizes than the immedi-
ate vicinity, e.g., 0.8-0.9, 1.1-1.2, 2.3-2.5. The arithmetic
mean of b dimension size for the entire sample is 20.21 mm
and the standard deviation is 13.91 mm. The majority of
b dimension size arithmetic means for individual horizons
fall in the range 15-25 mm (Fig. 11). Note that these figures
are greater than for analogous values, related to medians.

Fig.10. Distribution boxplots of b dimension size (median with
quartiles, without outliers) in relation to the stratigraphic height.

Fig.11.  Arithmetic mean and standard deviation of » dimension size in relation to the stratigraphic height.
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Only horizons 0.1-0.3, 2.3, 2.5 and 3.4 display arithmetic
means greater than 25 mm. It appears that for mean b di-
mension size, there is a kind of cyclicity with a period of
~0.3-0.4 m, especially between horizons from 0.5 to 2.0.
The curve of standard deviation appears to be synchronised
with the curve of arithmetic mean, i.e., usually peaks corre-
spond to peaks and lows to lows.

DISCUSSION

Petrological compositions

Owing to the poor representation of granites and very
coarse-grained sandstones in the sample (Tab. 1), any quan-
titative results regarding these two classes are insignificant.
Marginal content of granites (<0.1%) in the sample supports
the observations of Gradzinski and Unrug (1959), regarding
the petrological composition of the Witéw Series. Similar
median masses of certain lithotypes indicate that individual
grains in the very fine-, fine-, and medium-grained sand-
stone, and quartz and lidyte subpopulations were transport-
ed and deposited in comparable flow conditions. The fact
that coarse- and very coarse-grained sandstone pebbles are
in general heavier than grains belonging to other lithotypes
indicates their transport under conditions of greater stream-
bed velocity. Nevertheless, the possibility of reduced avail-
ability of such grains for the most part in the sedimentary
system cannot be excluded. A small interquartile range of
quartz grains mass implies that they are more or less uni-
form in mass (Fig. 4). Assuming they have similar density,
they should also have similar volume. Combining this with
the shape of quartz grains, which has a tendency to be more
spherical (Fig. Al) and more compact (Fig. 6), it might
be inferred that in the sample, most of quartz pebbles can
be characterised as grains, roughly similar to one another
in both shape and size. The overall trends in the shape of
quartz pebbles might indicate that they are not of a prima-
ry deposit, but had undergone several redeposition events,

Fig. 12.
colours, as appropriate.
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which led to increased degrees of sphericity and compact-
ness (cf. Gradzinski and Unrug, 1959).

In general, the dominant lithotypes (fine- and medi-
um-grained sandstone, quartz) in the entire sample remain
dominant in every interval studied. Thus, the entire suc-
cession has similar characteristics, in terms of petrological
composition, regardless of the stratigraphic height, which
is in agreement with a previous study (Rutkowski, 1987b,
1998). With the lack of visible hiatuses in the log, such a
phenomenon can be interpreted as a roughly uniform depo-
sition of fine- and medium-grained sandstone and quartz
material in a fluvial environment. However, some addition-
al lithotypes occur in a minority in many horizons. Their
clustering in a vertical direction (Fig. 3) can be explained
by changes in the textural properties of eroded sediments
at the source to those with a higher proportion of coarse- or
very fine-grained sandstones, respectively (cf. Gradzinski
and Unrug, 1959). This is supported by the varied composi-
tion of different lithostratigraphic units of the Polish Outer
Flysch Carpathians (Slaczka et al., 2006). However, a de-
tailed analysis of grain provenance is beyond the scope of
this study. Additionally, in the case of coarse-grained sand-
stone pebbles, which are more massive in comparison to
other classes (Fig. 4), their distribution can be related to the
occurrence of more powerful flows. Nevertheless, the rela-
tionship between clusters and proxies of stream-bed veloc-
ity (such as b dimension size and mass) is not clear. Some
clusters are not directly linked to increased values of these
features (Fig. 12).

PCA

A typical behaviour of PCA results, based on the measured
morphometric features of natural objects, is that PC1 can be
associated with the general ‘size’ of study objects (Hammer
and Harper, 2006). Accordingly, in the present study, PCl re-
flects a combination of clast dimensions and mass, therefore
being directly representative of the minimum stream-bed
velocity (Rubey, 1938). The negative relationship between

Comparison of horizons with higher-than-typical values of features studied. Major and minor increases are marked with different
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PCl1 (approximating clast size) and stratigraphic depth
(Fig. 7) can demonstrate the general trend of decrease in
average grain size up the studied section. Concurrently,
lithotype centroids represent the averaged multivariate pop-
ulations, associated with each lithotype, as reduced to sin-
gle points, allowing examination of the general relationship
between lithological composition, size and mass of grains.
Linkage between the size and lithological composition of a
clast can be inferred from the evident distribution of litho-
type centroids along PCl. Although convex hulls occupy
more or less the same space, centroids are separated. Such
behaviour indicates that in various lithotypes, the distribu-
tion of certain features can be slightly different. The order-
ing of mass medians by lithotype (Fig. 4) fits surprisingly
well to the ordering of lithotype centroids in the PCA biplot
(Fig. 7). This phenomenon can be considered as a good ex-
ample of the distributions of different feature among litho-
logical classes. Whether such a delicate difference is suf-
ficient to correctly distinguish the lithotypes of individual
grains should be a matter for future studies.

Vertical trends

PCA results indicate that there are negative relationships
between b dimension size and stratigraphic height as well
as between mass and stratigraphic height. Both of them are
confirmed by the negative Pearson-r coefficients for mass
(-0.04) and b dimension size (-0.11), although only the latter
correlation is clearly statistically significant (see Figs A4,
AS5). These values of correlation coefficients indicate that
for b dimension size, the correlation is more negative than
for mass. However, the angles in the PCA biplot (Fig. 7) im-
ply that the negative relationship with stratigraphic height
should be stronger for mass than for » dimension size. In
this work, such a discrepancy can be considered as a disad-
vantage of the quantitative interpretation of PCA. However,
the qualitative results are validated, using the standard bi-
variate statistical approach.

B dimension size means, b dimension size medians and
mass medians are characterized by moderate dispersion
with respect to stratigraphic height. Each of these features
individually can be interpreted as a proxy of stream-bed
velocity. Thus, it can be inferred that flow conditions were
more or less similar in the entire sampled log. Moreover,
such a conclusion is supported by the multiple indicators
studied.

Nevertheless, each of the features, studied quantitatively
in detail (b dimension size and mass), displays some ho-
rizons, where the measured values are greater than typical
figures. The stratigraphic height of such horizons is not con-
sistent for all of the features (Fig. 12). However, it seems that
clusters 0.1-0.3, ~2.4 and 3.4 above the reference level occur
in the mass median, b size median and b size mean. There
are also less evident clusters 0.8-0.9, 1.2 and 4.3, which are
common for mass median and b size median. Collectively, it
can be inferred that the log records 3 episodes of well-doc-
umented more energetic flow. Additionally, there are proba-
bly 3 more such episodes, where a minor increase in stream-
bed velocity occurred, but apparently their sedimentological
record in the b dimension size means is weaker. However,
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it should be noted that it is possible for grains of different
sizes to be transported in similar flow conditions. Vertical
variations in the section rather are related to local, lateral
migrations of fluvial facies than to major changes in the en-
tire sedimentary system.

Overall, b dimension size arithmetic means for individual
horizons are greater than medians. This reflects the fact that
in general, outliers in each subsample are represented by
larger grains. Some cyclicity in the b dimension size mean
curve can be related to roughly regular changes in the flow
conditions. Such a situation is plausible in a braided river,
which is the sedimentary environment of the Witéw Series.
In general, the standard deviation of a grain size distribution
is interpreted as a proxy of sediment sorting (Folk, 1974).
Synchronization of b dimension size arithmetic mean, and
b dimension size standard deviation curves reflects a ten-
dency in the log, i.e., the coarser the sediment, the poorer
its sorting.

CONCLUSIONS

The numerical and graphical results of PCA comprehen-
sively reflect the interrelations between all measured pebble
dimensions and stratigraphic height. A general decrease in
grain size and mass up the section is indicated, albeit not
very clearly, by standard bivariate plotting and correlation
analysis. However, PCA indicates this trend clearly, collec-
tively taking into consideration all grain dimensions and
mass. Compared to the traditional bivariate approach, PCA
allowed the registration of trends with higher sensitivity and
facilitated the interpretation of results by providing an in-
tegrated image of interdependence between all variables at
once. The points representing particular pebble lithotypes
are arrayed along PCl, according to the texture of the clasts.
Such ordering evidently reflects the relationship between
the lithology and size/mass of the pebbles and shows that
such morphometric data are adequate for discrimination be-
tween lithotypes, using PCA. Furthermore, the same meth-
odology-based studies in different sedimentary successions
would be advantageous to verify if a similar phenomenon
persists in the presence of other pebble lithotypes, such as
crystalline or carbonate rocks.

Sedimentary conditions were roughly similar during the
entire time of deposition of the studied section. However,
there were some episodes with deposition of larger grains
and possibly a general slightly negative trend in grain size.
The similarity is both in terms of petrological composition
and flow conditions. In the entire dataset, as well as in all in-
dividual horizons studied, fine- and medium-grained sand-
stone and quartz pebbles are predominant. The values of the
proxies of stream-bed velocity (b dimension, size and mass)
do not change much with respect to stratigraphic position.
The level of uncertainties in the interpretations presented is
reduced because of consistent results for the multiple indi-
cators studied.

The general tendency of quartz grains to be more spher-
ical and more compact than grains of other lithotypes indi-
cates that they underwent several depositional cycles. There
is a synchronisation of the degree of coarsening and the
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degree of sorting. There are some intervals in the studied
section, in which a kind of cyclicity in stream-bed velocity
can be recognised.
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APPENDIX

Fig. Al. Zingg (1935) diagrams for grains of certain lithotypes (m — medium-grained sandstone, f — fine-grained sandstone, q — quartz,
vf — very fine-grained sandstone, ¢ — coarse-grained sandstone, 1 — lydite) and kernel distribution estimation (with contours of 25%, 50%
and 75% probability mass, i.e., 25% of the probability distribution lies outside the outermost curve, etc.). The plot was prepared, using the
kdeplot function from seaborn library (Waskom, 2021) for Python. Chosen parameters were default, except clipping range (0, 1) in both
directions and parameters controlling graphics.

Fig. A2. Long, intermediate and short orthogonal axes of each measured grain, plotted on particle shape diagrams after Sneed and Folk
(1958) separately for 5 log intervals (0.0-0.9, 1.0-1.9, 2.0-2.9, 3.0-3.9, 4.0-4.4 m). Different colours represent intervals of 10 cm (mini-
mum height of each interval indicated).
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Fig. A3. Scatterplot of data point clouds grouped by lithotype on PC1 and PC2 axes.

Table Al Table A2
Percentage of variance explained Loadings of principal components
by particular principal components. per measured variables.
PC Eigenvalue % variance Loadings PC1 PC2 PC3 PC4

1 3.523720 88.0930 hgt -0.088720 | -0.005660 | -0.237090 |-0.084760
2 0.244642 6.1160 a 0.503560 | -0.497970 0.075820 0.701930
3 0.140266 3.5066 b 0.506670 |-0.338630 | 0.450580 |-0.652380
4 0.091368 2.2842 c 0.484850 0.795000 0.315840 0.182050

wt 0.504610 | 0.073067 | -0.831550 |-0.220350

Fig. AS. Scatterplot of b dimension size in relation to stratigraph-
Fig. A4. Scatterplot of mass in relation to stratigraphic height. ic height.



	Przycisk 6: 
	Przycisk 7: 
	Przycisk 8: 
	Przycisk 9: 
	Przycisk 10: 


